INTRODUCTION
The ability of enzymes to unlock the genetic information in the interior of double-stranded DNA is one of the most important processes in biochemistry. For a good understanding of the way these enzymes work, it is necessary to realize that the exterior sugar-phosphate backbones are the primary recognition sites for a protein. One of the strongest and most obvious interactions between proteins and the DNA backbone is the electrostatic attraction between positively charged residues in the enzyme (e.g., lysine or arginine) and the negatively charged backbone phosphates.'S2 A t first glance, one would expect that this interaction, which shields the phosphate charges, always stabilizes the DNA duplex by decreasing interstrand electrostatic repulsions. Indeed, model studies with polycatonic proteins such as polylysine usually feature a markedly higher duplex ~t a b i l i t y .~-~ However, in these cases the protein always associates with both DNA strands simultaneously.
In this paper we wish to present a way in which protein complexation can lead to destabilization of a DNA duplex, even though phosphate charges are shielded. This idea is derived from our work on hybrids of phosphate-methylated and natural where a perfect charge shielding is present in one strand due to methylation of the phosphate groups. Stability studies on these neutral/natural hybrids have shown that unilateral charge shielding has two effects, viz. and (b) diminished intrastrand repulsions are present in the shielded DNA strand, which changes its conformation. Duplex destabilization now occurs due to structural differences between the shielded and natural strands. In a thermodynamic description, the first effect yields a larger enthalpy of hybridization, whereas the second effect is evident in an increased hybridization entropy. So the overall effect of unilateral charge shielding is determined by the balance of these two effects and is visualized in the melting temperature (TM) of the duplex. Using thermodynamic model calculations, it will be demonstrated that hybrids between phosphate-methylated and natural DNAs are invariably more stable than their natural counterparts, whereas complexation of a protein with one strand may result in duplex destabilization. The thermodynamic model will be applied to various types of enzymes that interact with duplex DNA.
METHODS
The duplex stability is evaluated as the duplex i2 coil transition temperature T, , which can normally be expressed as the ratio of the enthalpy and entropy of hybridization: T M = (AH,")/( AS:), where n represents the number of base pairs. In this equation, we neglect effects of variations in DNA concentration and ionic strength, which are known to influence duplex stability. We assume that these factors are equal for all studied systems, and will evaluate only the consequences of unilateral charge shielding on the thermodynamic parameters. In our studies on hybrids between phosphate-methylated and natural DNA,' we found that an extra entropy term had to be added to the equation for TM in order to account for the structural difference between the natural and the neutral strands: AS:', where k. represents the length of the natural DNA that has to adapt itself to the modified strand. One then obtains AH," T -
M -AS: + AS:'
According to the work of Breslauer et a1.,l0 the enthalpy and free energy of hybridization for a natural duplex (AH," and AG,") must be thought of as the algebraic sum of all possible dimer contributions ( A h and A g ) to account for hydrogen bonding and stacking interactions. For the free energy, it is necessary to include a start value (Agi). In our model calculations, we used a duplex consisting of a strand with A bases and a strand with T bases, both n nucleotides long. In such a duplex, n -1 AA/?yr dimers are present that contribute to the enthalpy and free energy. The Breslauer model now states that AH: = A h ( n -1) and AG," = Ag(n -1) -A g i For several natural duplexes, AH," and AG," have been determined, based on the melting behavior in 1M NaCl solutions. From these experimental data, the AA/W dimer contributions A h (9.1 kcal/mol) and A g (1.9 kcal/mol), and the start value Ag, (6. 
The behavior of this function mirrors the observations that AS: ' approaches 4.4 cal/mol . K for polynucleotides (large K) and rises sharply for shorter lengths ( K < 30). Since our experimental data represent an average entropy for hybridization in the interior and on the ends of a strand, we weighed AS: ' with a window function, (yp+l, i f O < p s q where 1 is the length of the duplex and p the number of nucleotides from the end of the duplex to the first shielded phosphate. The parameters a and q control the amplitude and width of the window. This window function (see Fig. 1 ) introduces the effect that conformational changes in the interior of a -P Fig. 1 . Window function h( p , a, q), which is applied to the adaptation entropy A S : ' . duplex are more difficult then at the ends, so AS:' will have a higher value in the interior. Summing all enthalpy and all entropy terms for a given duplex system and calculating the ratio of the resulting enthalpy and entropy will then give the duplex stability expressed as a T , value.
RESULTS AND DISCUSSION

Shielded Phosphates at the End of One Strand
The situation in which a number of phosphates is shielded at the end of a duplex is depicted in Fig. 2 We have evaluated r as a function of m, the number of shielded phosphates, with p, 6, and I as variable parameters, using an IBM PC-AT personal computer. Note that m 2 2 must hold, since dinucleotide contributions are counted. The general result of these calculations is shown in Fig. 3 . First, we varied the thermodynamic parameters p and 6. Increasing the value of 6 at a fixed value of / 3 [ Fig. 3(a) ] and decreasing the value of p at a fixed value of 6 can be characterized roughly with the ratio S/p. A value of S/p 2 1 will always give a rising r function, while values below ca. 0.85 give a decreasing stability for more shielded phosphates. The shape of the curves is virtually unaffected by variation of the duplex length I [Fig. 3(c) may be the mechanism that DNA unwinding enzymes (helicases) use during the replication of DNA. In this process, the DNA strands are separated, and their genetic information is copied to new strands in a structure known as a "replication fork" (Ref. 11, chap. 27) . Several structural features are known for helicases that support our argument. In general, helicases cover about 8 base pairs at the end of a DNA duplex in the replication forkl2,l3 and cause the duplex to dissociate into single strands. More specifically, the unwinding enzyme of phage fd (gene 5 protein) is known to bind electrostatically with 5 phosphates via lysine and arginine r e s i d~e s , l~*~~ and has a high affinity for a single strand. In fact, in model studies it has been found that complexation of gene 5 protein with the duplex of poly(dAT) decreases the TM value from 54 to 11.5°C.16 Our model calculations now provide a possible mechanism for these protein-induced unwinding processes. Binding of a helicase enzyme to one of the strands in a duplex will deform this strand and can therefore destabilize the duplex when the deformation is not outweighed by diminished interstrand repulsions.
Shielded Phosphates in the Interior of One Strand
In the situation where a protein associates with the DNA phosphates in the interior of a duplex (see Fig. 4 
+ ( A h -A g ) ( l -m -P ) + 298
Inserting numerical values then yields . * * * * . concentration effects, which are implicitly present in the screening length K -' .
Therefore a fixed value of 10 is used throughout, which corresponds with one complete turn of the helix. Increasing the window height ( a ) results in a decrease for the overall +T value, and especially disfavors short stretches of shielded phosphates [ Fig. 5(a) ]. Normally, the value of parameter a was taken as 2. Variation of the distance from the duplex end ( p ) indeed gives an extra destabilization for charge shielding in the interior of the duplex [ Fig. 5(b) ], although no extra destabilization is present for p > q. Again, variation of the duplex length (I) does not alter the essential features of the curves [ Fig. 5(c) ], whereas the ratio S/p determines the characteristics of the curves [ Fig. 6(a, b) ].
Comparing the graphs in Fig. 6 (a) with those in Fig. 3(a) , it is evident that for an equal value of S/p (e.g., , 8 = 1.10 and S = 0.90), a longer stretch of shielded phosphates [ca. 10 in Fig. 6(a) vs ca. 5 in Fig. 3(a) ] is needed in the interior of the duplex to achieve the same destabilization. This corresponds nicely with the characteristics of RNA polymerases, the enzymes that locally unwind two DNA strands in the interior of a duplex to start transcription (i.e., copying of the DNA information to an mRNA molecule-see Ref.
11, chap. 29). The RNA polymerase enzyme is always affixed to one strand of the duplex at the promoter Electrostatic attractions are thought to be the main protein-DNA interactions in this case,2o and the length of duplex DNA covered by the protein is 35-70 base pairs in the initiation phase,21 and a t least 17 base pairs in the elongation phase.22 The present model can adequately explain why at least twice the length of duplex must be covered for RNA polymeruses in comparison with helicase enzymes (vide supra). Recently Schinkel et al. 23 have provided experimental support for the proposed conformational changes in a DNA duplex after protein complexation in the interior and a t the end (see previous section). They observed in gel retardation experiments that binding of yeast mitochondria1 RNA polymerase to a DNA fragment containing the promoter either in the interior or near the end induces a bending of the helix. This bending must be due to a difference in conformation between the two DNA strands in the complex, which causes a local melting of the DNA duplex according to our model calculations. It follows therefore that protein complexation in the interior can produce the open complex, which serves as a starting point for the transcription,21 while formation of a replication fork can be induced by complexation a t the end of a duplex.
Shielded Phosphates in Both Strands Symmetrically
The situation in which phosphate charges in both strand ends are symmetrically shielded by a protein (see Fig. 7 This model is especially pertinent for restriction endonucleases, enzymes that can recognize and cut palindromic sequences in duplex DNA. It is known for the enzyme EcoRI that first an electrostatic complexation with DNA phosphates takes place via protonated amino acid residues and polarized ~i-helices.~~ This complexation locally unwinds the DNA duplex 25" by the formation of a so-called neokink, after which recognition of the base sequence occurs with a set of specific hydrogen bonds. Since EcoRI is a symmetrical dimeric protein, shielding of the phosphates will always be present on two DNA strands symmetrically.25 Therefore, the present model m y account for the generation of neokinks in duplex DNA by endonucleases, which is an essential mechanism for the recognition process.
CONCLUDING REMARKS
The thermodynamic model presented above is clearly able to give a mechanism for the enzymatic DNA duplex destabilization. Moreover, with relatively few parameters it can account for certain salient features of enzymes that interact with DNA. In the present version, effects of ionic strength on the duplex stability are neglected. It cannot be excluded that inter-and intrastrand electrostatic repulsions are influenced in a different way by addition of salts, so in future studies this will have to be taken into consideration. From the present model, the difference in shielded length of DNA duplex between helicases and RNA polymerases is readily explained. Also, a better understanding of the relevance of symmetrical complexation in the case of endonucleases can be obtained. We therefore feel that unilateral shielding of the phosphate charges in DNA may be an important mechanism in protein-DNA interactions. Further experimental studies will be performed to establish the ratio S / / l for protein complexation with one strand from simple model compounds and to verify the effect on duplex stability.
